Chemisorption of water onto anhydrous nanophase manganese oxide surfaces promotes rapidly reversible redox phase changes as confirmed by calorimetry, X-ray diffraction, and titration for manganese average oxidation state. Surface reduction of bixbyite (Mn 2 O 3 ) to hausmannite (Mn 3 O 4 ) occurs in nanoparticles under conditions where no such reactions are seen or expected on grounds of bulk thermodynamics in coarse-grained materials. Additionally, transformation does not occur on nanosurfaces passivated by at least 2% coverage of what is likely an amorphous manganese oxide layer. The transformation is due to thermodynamic control arising from differences in surface energies of the two phases (Mn 2 O 3 and Mn 3 O 4 ) under wet and dry conditions. Such reversible and rapid transformation near room temperature may affect the behavior of manganese oxides in technological applications and in geologic and environmental settings. ) lends complexity to phase behavior and physical and chemical properties of manganese oxides. The thermodynamic stability of manganese oxide nanoparticles helps determine the robustness of such oxides and their behavior in soils and larger-scale geochemical cycles, as well as in applications in catalysis, renewable energy, and environmental remediation. The structure and energetics of nanoparticle surfaces are influenced by the phase present and its oxidation state and by the extent of surface hydration; thus dry surfaces are structurally and thermodynamically distinct from hydrated surfaces (1, 2). Using Mn 3 O 4 (hausmannite), Mn 2 O 3 (bixbyite), and MnO 2 (pyrolusite), previously, we showed that the position in temperature−oxygen fugacity space, of oxidation−reduction (redox) phase equilibria, is shifted at the nanoscale due to differences in nanophase surface energy as a function of particle size and surface hydration and that this thermodynamic shift is in favor of the lower surface energy phase (3). In the manganese oxides, the surface energy increases in the order hausmannite, bixbyite, pyrolusite, so small particle size favors the more reduced oxide phase.
Chemisorption of water onto anhydrous nanophase manganese oxide surfaces promotes rapidly reversible redox phase changes as confirmed by calorimetry, X-ray diffraction, and titration for manganese average oxidation state. Surface reduction of bixbyite (Mn 2 O 3 ) to hausmannite (Mn 3 O 4 ) occurs in nanoparticles under conditions where no such reactions are seen or expected on grounds of bulk thermodynamics in coarse-grained materials. Additionally, transformation does not occur on nanosurfaces passivated by at least 2% coverage of what is likely an amorphous manganese oxide layer. The transformation is due to thermodynamic control arising from differences in surface energies of the two phases (Mn 2 O 3 and Mn 3 O 4 ) under wet and dry conditions. Such reversible and rapid transformation near room temperature may affect the behavior of manganese oxides in technological applications and in geologic and environmental settings. ) lends complexity to phase behavior and physical and chemical properties of manganese oxides. The thermodynamic stability of manganese oxide nanoparticles helps determine the robustness of such oxides and their behavior in soils and larger-scale geochemical cycles, as well as in applications in catalysis, renewable energy, and environmental remediation. The structure and energetics of nanoparticle surfaces are influenced by the phase present and its oxidation state and by the extent of surface hydration; thus dry surfaces are structurally and thermodynamically distinct from hydrated surfaces (1, 2) . Using Mn 3 O 4 (hausmannite), Mn 2 O 3 (bixbyite), and MnO 2 (pyrolusite), previously, we showed that the position in temperature−oxygen fugacity space, of oxidation−reduction (redox) phase equilibria, is shifted at the nanoscale due to differences in nanophase surface energy as a function of particle size and surface hydration and that this thermodynamic shift is in favor of the lower surface energy phase (3) . In the manganese oxides, the surface energy increases in the order hausmannite, bixbyite, pyrolusite, so small particle size favors the more reduced oxide phase.
This paper summarizes observations in the nanoscale Mn 2 O 3 − Mn 3 O 4 system, which is found to undergo rapidly reversible redox phase transformations at room temperature induced by the adsorption/desorption of surface water. It is expected that the degree of reduction is a function of both average particle size and particle size distribution, but this work focuses on only one representative material to provide proof of concept. The rapid response of activated surfaces to changing hydration condition implies thermodynamic control and has implications for geochemistry, planetary science, and technology.
Results
A synthetic Mn 2 O 3 powder was prepared by methods described previously (3) . Its synthesis and characterization are documented in SI Text. The X-ray powder pattern (Fig. S1) ) to make the calculation, the measured specific surface area corresponds to an average particle size of 32 nm, which agrees well with X-ray diffraction (XRD) analysis. The water content was measured via thermogravimetry, which yielded a composition of Mn 2 O 3 -0.0359H 2 O. After annealing at 700°C, powder XRD confirmed that the phase remained Mn 2 O 3 . The manganese average oxidation state of initial and annealed Mn 2 O 3 was found by iodometric titration to be 3.000 ± 0.002 and 3.000 ± 0.003, respectively, confirming each sample to be pure stoichiometric Mn 2 O 3 .
Heating the sample either in air or under vacuum at 350°C (Fig. S2) or 700°C (Fig. S3) did not produce any change in the phase; it remained pure bixbyite with the same average particle size. Although the water content diminished with heating, the bixbyite phase did not transform or coarsen. The sample was then subjected to various heating and hydration/dehydration regimens to induce possible redox phase transformation (Table 1 and Fig. 1) .
Water adsorption at room temperature during calorimetric experiment (see Materials and Methods and SI Text) induced partial phase transformation of Mn 2 O 3 to a mixture of 85% Mn 2 O 3 and 15% Mn 3 O 4 as measured by XRD for samples pretreated with the 700°C procedure, which used a heating/ cooling cycle of 25−350°C at 10°C/min, 350°C for 4 h, 350−700°C at 10°C/min, 700−25°C at 10°C/min (Fig. 2) . This experiment demonstrated a structural transformation associated with water chemisorption. In contrast, samples subjected to the 350°C
Significance
In the present work, we find rapid and reversible transformations between nanoscale Mn 2 O 3 (more oxidized) and Mn 3 O 4 (more reduced) at room temperature as a function of changing hydration level. These phase transformations are controlled by a thermodynamic factor (difference in surface energy). Redox reactive Mn-oxide phases may be sensitive markers, on short time scales, of variations in water activity as well as oxygen fugacity in the local environment. Hydrationinduced phase transformation has applications to geochemistry, planetary science, and technology. The differential enthalpy of adsorption is the measured enthalpy of water adsorption (and of any concomitant redox reaction or structural change) when a small dose of water is adsorbed. The integral enthalpy of adsorption and its associated water coverage is taken as the sum of differential enthalpies and adsorption amounts at the coverage where further water is only physically adsorbed, with an enthalpy of adsorption equal to the condensation enthalpy of water vapor at room temperature (−44 kJ/mol). Fig. 3 shows measured differential enthalpy of water adsorption as a function of coverage (method from ref. 4) for samples prepared at 350°C and 700°C. The most significant differential enthalpy differences occur during the first few doses in the experiment (Fig. 3, Inset) .
The sample prepared at 350°C showed no transformation to Mn 3 O 4 . A coverage of 4.8 H 2 O/nm 2 with integral enthalpy of adsorption of −103.1 ± 0.9 kJ/mol was obtained, which compares well to the previously published value of 4.8 H 2 O/nm 2 and integral enthalpy of adsorption of −103.5 kJ/mol (3). The manganese average oxidation state was 3.00 ± 0.01, confirming the absence of any reductive transformation.
In contrast, for samples pretreated by the 700°C procedure, the integral enthalpy of water adsorption was −90.2 ± 0.9 kJ/mol, indicating water adsorption coupled with partial reduction of Mn 2 O 3 to Mn 3 O 4 involved an additional endothermic enthalpy characteristic of a reduction reaction that was concentrated in the first few doses of water. Manganese average oxidation state (see Table 2 ) obtained by titration, was 2.93 ± 0.01. This degree of oxidation state change is consistent with the reduction of 15% Mn 2 O 3 (see SI Text).
It is interesting that only 15% reduction occurred. Although the reason for this is not fully understood, we surmise that the degree of reduction is related to the particle size distribution, with larger particles having less (or no) thermodynamic driving force for reduction. It is also possible that a reduced surface layer hinders further transformation and core-shell particles could be formed. We expect that the degree of reduction may vary among differently prepared samples.
In an additional water adsorption experiment, a sample that underwent water-adsorption-induced phase transformation was then exposed immediately afterward to the 700°C procedure. XRD and manganese average oxidation state titration showed that the transformed mixture of 85% Mn 2 O 3 and 15% Mn 3 O 4 had transformed back to Mn 2 O 3 on heating and associated dehydration. The lattice constants and particle size for this Mn 2 O 3 phase (Fig. S4 ) were essentially unchanged from those of the initial Mn 2 O 3 sample ( Fig. S1 and Table 1 ).
The influence on phase transformation by variation of the size of the water dose was then examined. This set of experiments used the 700°C procedure on a series of initial Mn 2 O 3 samples followed by modified water adsorption calorimetry experiments ( Fig. 1 *Final temperature at which the sample is outgassed under nitrogen, in preparation for water adsorption calorimetry. † Particle size obtained using XRD and calculations using the Scherrer equation (40, 41) . Considering the approximations used, we consider calculated particle sizes of all samples to be the same within probable uncertainties. the product on the size of individual water doses or the rate at which they are applied, providing the sample is first activated at 700°C. It is striking that the particles heat treated at lower temperatures (350°C) did not undergo partial reduction upon exposure to water vapor at room temperature. The lower temperature samples had higher initial water content, with 2.3% surface coverage for the 350°C sample compared with 0.002% for the 700°C sample (Table 2) . Another experiment was designed to probe the possible effect of such surface water on the reductive transformation. A sample of nanophase Mn 2 O 3 was pretreated using the 700°C procedure followed by a water adsorption experiment that dosed the dried sample with water vapor to coat ∼2% of the total surface. Next, the sample was equilibrated for 24 h in the gas adsorption apparatus, after which, water adsorption calorimetry was resumed using the standard protocol (adding doses of 1 μmol H 2 O/ m 2 total surface). The initial and final samples were pure Mn 2 O 3 ( Fig. S5 ) with no evidence of reduction. The integral enthalpy of water adsorption was −103.1 ± 0.9 kJ/mol, which is consistent with the absence of an endothermic contribution from reduction. This value corresponds well with earlier values (3) of water adsorption enthalpy (−103.5 kJ/mol) for bixbyite when no reduction occurs. Thus, it appears that the sample surfaces are passivized against reduction with ∼2% total surface water coverage when that water remains on the surface for 24 h (or remains on the surface from the synthesis and lowertemperature heat treatment). Therefore, a water-free initial surface appears necessary to start the rapid reduction process when water is first introduced at room temperature.
For samples in which the reduction following water adsorption did occur, the extent of reduction, the shape of the isotherm, the coverage for full chemisorption (i.e., the total water content after which further doses produced only physisorbed water with an enthalpy of adsorption of −44 kJ/mol), and the enthalpy were all reproducible and did not depend on the dose size (see Table 2 ). Furthermore, the reduction process was reversible and the sample could be cycled (dehydration at 700°C followed by water adsorption) at least three times with reproducible results. These observations suggest thermodynamic control of the process.
The initial state (wet versus dry) of nanoparticle surfaces influences the thermodynamic driving force for reduction. At show that the driving force for reduction becomes less unfavorable for nanoparticles, with a significantly greater effect for hydrated particles. Thus, both size diminution and hydration favor hausmannite (lower surface energy phase) over bixbyite (higher surface energy phase). For 15% reduction, we calculate an endothermic enthalpy contribution of 0.15(ΔH o red + Δ(ΔH red ) = 5.3 kJ/mol, which is significantly less than the value (12.9 ± 0.9 kJ/mol) obtained from the differences in water adsorption enthalpies. This difference probably reflects the approximate nature of the calculation using surface areas and surface energies, and the possible complexity of the redox process. Nevertheless, it confirms that the difference in measured water adsorption enthalpies reflects the energetics of reduction coupled with water adsorption.
It is notable that only 15% of the Mn 2 O 3 is reduced, and that this fraction appears reproducible for several different water adsorption protocols on the same starting material. The polydispersity of particle size may be a critical factor. The smaller the Mn 2 O 3 particle, the less endothermic is its enthalpy of reduction, as shown by the equations above. Since one does not know the oxygen fugacity in the water adsorption tube, one cannot calculate the free energy, and therefore the particle size, for reduction to become favorable. It is likely that only the smaller particles in the synthetic assemblage meet this threshold. In this scenario, the product of 85% Mn 2 O 3 and 15% Mn 3 O 4 would consist of a mixture of separate particles of bixbyite and hausmannite, with the Mn 3 O 4 having smaller average particle size than the Mn 2 O 3 . Another possible scenario is that there may be somewhat larger particles with a shell of hausmannite covering a core of unreduced bixbyite. This could occur if the spinel shell were dense and coherent enough to hinder gas transport. Thus, the sample could consist of three kinds of particles, small ones that are totally reduced, core-shell particles of intermediate size, and large ones of unaltered bixbyite. Calculations of particle size from XRD (Scherrer equation) are not sensitive enough to provide such detail. Transmission electron microscopy might be useful but it could be complicated (perhaps even fatally) by the rapid redox and dehydration reactions that may occur under high vacuum and electron irradiation in transmission electron microscopy.
Passivation by water adsorption at 350°C may also involve mainly the smaller particles of Mn 2 O 3 , perhaps explaining why a very low adsorbed water content appears effective. At that temperature, water adsorption may form an amorphous MnOOH layer without reduction, which may hinder gas transport. Moreover, leaving the water-treated sample for several months at room temperature caused it to further transform partially to MnOOH (a poorly crystalline layered phase), as observed previously for nanophase hausmannite samples (3, 6) . This suggests that, although the observed water-induced redox equilibrium is reversible and represents local equilibrium, a state of lower free energy, the layered oxyhydroxide, can be attained with time. An analogous effect was seen previously (3), where reduction of nanophase MnO 2 produced an amorphous and, presumably, hydrated surface layer. Likewise, an amorphous Mn(IV) oxide layer may be present in amounts too small for easy characterization without the use of high energy source spectroscopy methods.
Discussion: Geochemical and Technological Implications
Hydration-induced mineral phase transformations that occur near room temperature could affect the properties of the material in technological applications as well as in geologic settings. Previously, we found that nanoparticle surface energy and hydration energy differences promote significant Gibbs free energy shifts in redox phase equilibria at the nanoscale (2). The spinel phase Mn 3 O 4 (hausmannite) has a lower surface enthalpy than Mn 2 O 3 (bixbyite), while the latter has a smaller surface energy than MnO 2 (pyrolusite) (3). Thus, the stability field of Mn 3 O 4 is greatly extended at the nanoscale. We then focused on the energetics of nanosheets of calcium manganese oxide (CaMnO). We found that these layered phases are highly thermodynamically stable and have significantly lower surface energy than the binary manganese oxides Mn 3 O 4 , Mn 2 O 3 , and MnO 2 (7) . The enthalpy of oxidation of CaMnO materials was independent of the average oxidation state and significantly less exothermic that the oxidation of Mn 2 O 3 to MnO 2 . We also suggested that the above factors are important in enhancing the catalytic activity of the layered CaMnO materials by facilitating adsorption/desorption and surface transport of water, ions, and electrons. In the present study, we extend this examination toward the influence of room-temperature chemisorption of water on anhydrous nanophase surfaces of Mn 2 O 3 , which resulted in reduction and the formation of a surface layer of Mn 3 O 4 . We do not know whether this reduction occurs by water oxidation or the direct release of oxygen from the solid phase. However, this reaction produces oxygen (Eq. 1), regardless of the details of mechanism, and our thermodynamic calculations show it can indeed occur at a higher oxygen partial pressure (fugacity) at the nanoscale than in the bulk. Collectively, the phenomena observed in this and our earlier study (3) provide a facilitative redox environment mediated by water chemisorption and surface energy of nanoparticles. This behavior may be important for geochemistry and catalysis as illustrated below.
In common near-surface Earth environments, temperature− pressure−water fugacity fluctuations are generally not extreme enough to dehydrate nanoparticles. However, there are certain specialized environments on Earth and other planets where hydration-driven redox reactions could be important. For instance, manganese oxide coatings (rock varnish or patinas) are produced over long periods of time in thin layers on rock faces, stone monuments, and archeological artifacts, although most commonly found in a desert climate that alternates periods of aridity with sporadic mineral surface wetting (8) . Changes in manganese oxide redox equilibria at these surfaces during such occasional "wet" periods may interact with the bacterial biogeochemical cycles suggested as important in the process of forming desert varnish (9) . Bixbyite [Mn, FeO 3 ] is found in the near-surface environment in cavities of rhyolite host rock (10) and hydrothermal or metamorphic deposits (11) along with hausmannite, where it serves as an important geothermometer for some ore deposits (11) . We argue that the water-induced phenomenon of reduction of Mn 2 O 3 nanoparticles requires an initially dry environment, partly to avoid MnOOH formation (supra vide). Thus, large swings in humidity, as in an arid environment (both on the surface and in soils), would provide terrestrial settings where the phenomena we have observed could occur in nature. Our point is that such water-induced reactions can occur locally and on short time scales. Similar reactions may occur involving other pairs of mineral phases, e.g., Mn 2 O 3 −MnO 2 or Fe 3 O 4 − Fe 2 O 3 , making water-induced redox changes potentially general phenomena worthy of further study.
The surface of Mars currently has a very thin atmosphere, but the possibility of mineral surface hydration under Martian conditions was investigated in the laboratory (12, 13) and recently detected directly at Gale Crater, Mars (14) . There are great diurnal temperature differences and sheltered basins with subsequent transient melting of ice (15) (16) (17) and craters where the atmospheric pressure is higher than average (18, 19) . In addition, very high salt concentration in Martian soils (20) (21) (22) may contribute to melting of ice in addition to an increase mineral surface dehydration by lowering water activity. These conditions may set the stage for hydration-/dehydration-driven redox reactions, which may apply to iron oxides as well as manganese oxides. The salient point of the current study is that such reactions can occur rapidly and, therefore, the redox states detected on the surface of Mars may reflect contemporary as well as ancient conditions.
Surface water content may be mediated through competition by organic species, ranging from small molecules with carboxylic or phenolic groups to proteins generated by microorganisms (23) (24) (25) . When such molecules chelate strongly, they may compete with water at the mineral−solution interface and thus may affect surface redox reactions and contribute to weathering processes, which in turn are critical for microbial activity (26) (27) (28) and manganese bioavailability (29) . Such water-mediated coupling between organic and inorganic species may be important not only in contemporary environments but also in ancient ones, including prebiotic reactions on redox active nanoscale mineral surfaces leading to the origin and evolution of life (30) . The coupling of redox and hydration reactions on nanoparticles may thus provide unique mechanisms for prebiotic or biological control of oxidation state.
These observations also suggest a possible mechanism of coupling surface redox reactions involving different metals. Formation of a low surface energy spinel surface layer coating of a stable metal oxide like Mn 3 O 4 provides a surface active toward both electron transfer and the adsorption/desorption of water, inorganic ions, and other molecules. Hematite, Fe 2 O 3 , could readily undergo reduction to magnetite on such a surface, or magnetite could be oxidized to maghemite, the underlying spinel surface providing topotaxy. Madden and Hochella (31) have studied a related coupled redox surface reaction involving nanophase manganese oxides that form as a result of catalytic oxidation of aqueous manganese(II) on ferrihydrite surfaces. Metal oxide surfaces are able to accelerate Mn(II) oxidation by O 2 . Examples are provided by hematite and manganese dioxide (32); lepidocrocite (33); goethite, lepidocrocite, and alumina (34); and colloidal hexagonal birnessite (35) . The present study suggests that these reactions will be affected or perhaps even thermodynamically driven by both particle size and degree of hydration and that the equilibria can respond rapidly to changes in water availability.
Nanophase transition metal oxide particles are invoked in many actual and potential catalytic processes, e.g., carbon monoxide oxidation, organic synthesis by Fischer−Tropsch reactions, and desulfurization of exhaust gases (36, 37) . In such processes, the preparation of the catalyst is critical to its function. Often such preparation involves a final "activation" step, wherein the catalyst is exposed for a controlled period to a temperature high enough to remove all or most surface water but not high enough to change its morphology and particle size (38, 39) . The catalyst is then used at lower temperatures. These observations suggest that such an activated surface will undergo redox reactions upon initial contact with water, while a more hydrated surface will not. Many catalytic processes have some water present or produced during reaction, so such water-driven redox reaction may change the catalyst surface and perhaps aid catalysis by producing a material with mixed oxidation states. Continued hydration may prevent further redox activity and, as is often observed, "poison" the catalyst. Thus, the observations in this paper may pave the way to understanding the interaction of oxide catalyst surfaces with water and optimizing catalytic conditions.
In conclusion, the present work suggests a strong coupling between surface hydration and redox reactions on nanoscale manganese oxide (and likely other metal oxide) surfaces. Such coupling may influence the progress of (bio)geochemical, planetary, environmental, and technological processes.
Materials and Methods
Nanophase Mn 2 O 3 was synthesized using a previously reported oxidative precipitation method (3). The synthesis details are in SI Text. All phases were analyzed using a Bruker AXS D8 Advance diffractometer (Cu Kα radiation, 1.540596 Å) operated at 45 kV and 40 mA. The X-ray powder patterns were collected at room temperature (25°C) using a step size of 0.02°2θ and 10 s dwell time. Peak profiles were fitted with a pseudo-Voigt function. International Center for Diffraction Data (ICDD) reference patterns were used in conjunction with analysis performed with Jade software (version 6.11, 2002; Materials Data Inc.) to evaluate the phases or phase mixtures present, their amounts, lattice parameters, and estimated crystallite sizes using the Scherrer equation (40, 41) . The identified Mn 2 O 3 corresponded to ICDD file number 41-1442 (42) and Mn 3 O 4 to ICDD file number 80-0382 (43) . Specific surface area was measured by N 2 adsorption at −196°C using a five-point Brunauer-Emmett-Teller (BET) technique on a Micromeritics ASAP 2020 (44) . The samples were heated to 700°C at 10°C/min under a flow of argon (75 mL/min) in platinum crucibles using the Setaram Labsys Evo instrument and associated Calisto software. The TGA data were corrected for buoyancy by running an empty crucible. H 2 O content was determined from the weight difference (obtained on a microbalance for highest accuracy) before and after annealing the samples overnight at 700°C. Experiments used controlled heating to observe changes in the amount of water, phases present, and oxidation states in the samples, for which the methods used are detailed in SI Text. Mn average oxidation state was measured by iodometric titration (45) . The method titrates iodine produced by the reaction of iodide with dissolved manganese and can be performed at room temperature. The specific details of the titration of Mn(III and IV) oxidation state and calculations are described in detail elsewhere (7) . The enthalpy of water adsorption was measured by calorimetry at room temperature using a Calvet microcalorimeter, coupled with a Micromeritics ASAP 2020 analysis system as described previously (4) . The percent surface coverage relates the nanophase sample surface area to the area that would be covered by water based on water molecule size (10.8 A 2 ) (46). Some water can exist in pores/ boundaries produced by nanoparticle aggregation, although pore water behavior cannot be distinguished from that of surface water. However, the degree of aggregation is small, since the particle size obtained by X-ray and BET agree. Details of methodology, figures for X-ray powder patterns, and additional details of characterization techniques-XRD, BET, TGA, controlled heating and cooling experiments, water adsorption calorimetry, and preadsorbed water calculation-are provided in SI Text.
